A survey with horses was conducted to determine whether plasma concentrations of triiodothyronine ( T 3 ) , thyroxine ( T 4 ) , insulin-like growth factor (IGF)-I and IGF binding proteins (IGFBP) change as horses grow, mature sexually, and age. Jugular blood was sampled from Standardbred fillies and mares at ages 0, 1, 7, and 14 d, at 1, 2, 4, 5, 6, and 9 mo, and at 5 to 8 and 16 to 22 yr ( n = 5 to 18). In a second survey, we measured the same variables in eight breeds of horses with markedly different adult body sizes, from Miniatures to Friesians. Plasma T 3 , T 4 , and IGF-I were determined by radioimmunoassays validated for horses, and IGFBP were estimated from radioligand assay following separation of the IGFBP by SDS-PAGE electrophoresis. Plasma T 3 decreased ( P < .01) nearly continuously from 7.9 ng/mL on the day of birth to .9 ng/mL at 6 mo, and then changed little from .7 ng/mL at 9 mo to .5 ng/mL in mares 16 to 22 yr old. Similarly, T 4 declined ( P < .01) from 233 ng/mL on the day of birth to 49 ng/mL at 14 d and varied from 35 to 9 ng/mL among all of the older age groups. Plasma concentrations of IGF-I increased ( P < .01) from 285 ng/mL on the day of birth to 572 ng/mL at 14 d, remained relatively constant until 9 mo of age (530 ng/mL), and then declined ( P < .01) to low levels (295 ng/mL) in the oldest mares. We detected six IGFBP. The two smallest IGFBP (26 and 39 kDa) were highest during the first 14 d after birth and lowest ( P < .01) in aged mares. The four larger IGFBP were lowest at birth and increased to the highest values during the most rapid growth period, but these changes were not significant ( P > .20). In agreement with data for other species, our data suggest that IGF-I and IGFBP modulate growth in horses. Although there were impressive interbreed differences in circulating concentrations of T 3 , T 4 , IGF-I, and IGFBP, these were not related to differences in adult body size.
Introduction
There are two distinct ontogenic patterns in the circulating concentrations of triiodothyronine ( T 3 ) and thyroxine ( T 4 ) among mammals. In precocial mammals, circulating concentrations of T 3 and T 4 increase during fetal development, peak immediately postnatally, and decline thereafter (e.g., Fisher et al., 1977; Colenbrander et al., 1980; Latimer et al., 1993) . In contrast, in altricial species, circulating concentrations of T 3 and T 4 continue to increase during postnatal development and reach a plateau well after birth (Dussault and Labrie, 1975; Wrutniak and Cabello, 1983) .
During the same period, growth is controlled by insulin-like growth factors (IGF-I and IGF-II), and a series of IGF-binding proteins ( IGFBP) play key roles in regulating growth. Postnatally, IGF-I and IGFBP3 are regulated by somatotropin ( ST) , but the prenatal IGF system is independent of ST. Whereas circulating concentrations of IGF-I, IGF-II, and IGFBP dramatically change during growth and development, the chronology of these changes varies among species, and circulating concentrations of IGF-I are consistently high postnatally and during growth (e.g., D'Ercole and Underwood, 1980; Luna et al., 1983; Abribat et al., 1990) . Among domestic animals, the IGF system is most fully understood in pigs, in which the changes in the circulating and tissue concentrations, together with expression for IGF-I, IGF-II, and IGFBP, have been characterized (e.g., Lee et al., 1991 Lee et al., , 1993 Buonomo and Klindt, 1993) . In some species, circulating concentrations of IGF-I and(or) IGFBP are lower in lines with low body weight or growth rate. For instance, circulating concentrations of IGF-I are lower in the minipig and even lower in micropigs compared to standard breeds of pigs (Buonomo et al., 1987) . Similarly, circulating concentrations of IGF-I are lower in smaller breeds of dogs (Eigenmann et al., 1984a,b) , in chickens selected for low growth (Scanes et al., 1989) and in sex-linked dwarf chickens (Huybrechts et al., 1985) .
Circulating concentrations of T 3 and T 4 in horses are influenced by pregnancy and lactation (Katovich et al., 1974; Flisinska-Bojanowska et al., 1991) , time of day (Duckett et al., 1989; Flisinska-Bojanowska et al., 1991) , nutrition (Sticker et al., 1995) , and glucocorticoid administration (Silver et al., 1991; Messer et al., 1995) . Blood concentrations of T 3 and T 4 in foals were 4 to 8 and 360 ng/mL, respectively (Silver et al., 1991; Boosinger et al., 1995) but less than 1 and less than 30 ng/mL, respectively, in adults of various breeds (Duckett et al., 1989; Glade, 1991; Messer et al., 1995) . Circulating concentrations of IGF-I have been reported in foals and in the peripartum period in mares (Tremblay et al., 1993; Davicco et al., 1994; Hess-Dudan et al., 1994) , and seven IGFBP were reported in equine serum (Prosser and McLaren, 1992) .
In this paper, we examine the changes in circulating concentrations of T 3 , T 4 , IGF-I, and IGFBP during postnatal growth, development, and aging in Standardbred females, as well as in mares of different breeds with markedly different adult body sizes.
Materials and Methods
The Standardbred fillies and mares in the survey of growth and development were located on three different commercial farms in central New Jersey. We included five fillies within 24 h of birth and horses at ages (numbers in parentheses) 1 ( 5 ) , 7 (11), and 14 ( 8 ) d, 1 (12), 2 (12), 4 (18), 6 ( 6 ) , and 9 ( 6 ) mo, and 5 to 8 ( 6 ) and 16 to 22 yr ( 6 ) . The fillies from 0 to 14 d of age were housed in box stalls with their dams. All of the horses over 14 d of age were maintained on mixed grass-legume pasture during the day and in box stalls at night; the fillies from 1 to 4 mo of age were with their dams and had ad libitum access to water and creep-fed hay. No repetitive samples were taken from any horse, and all of the mature horses were without foals to avoid confounding age differences with lactation. Jugular blood from all 95 of these horses was sampled during July through September 1994, always between 1000 and 1400. The heparinized blood was stored on ice until it was centrifuged, and the plasma was stored at −20°C until it was assayed for T 3 , T 4 , IGF-I, and IGFBP.
The second survey included 48 mares representing eight breeds (Table 1 ) ranging in size from Miniatures to Draft horses, located on eight different commercial farms in New Jersey and Virginia. The mares were without foals and between 5 and 8 yr of age, and they were maintained on mixed grass-legume pasture with free access to water. Jugular blood from these horses was sampled during July and August 1994, always between 1000 and 1400, the heparinized blood was stored on ice until it was centrifuged, and the plasma was stored at −20°C until it was assayed for T 3 , T 4 , IGF-I, and IGFBP.
Plasma T 3 and T 4 were determined in duplicate by radioimmunoassays using kits supplied by ICN Biomedicals (Costa Mesa, CA). In this assay, pooled blood plasma from day-old fillies and from mares 6 to 18 yr old each paralleled the standard curve. Intraand interassay coefficients of variation were 12% and 5% for T 3 and 13% and 9% for T 4 , respectively.
Plasma IGF-I was determined in duplicate by a radioimmunoassay validated for horse plasma. Briefly, the IGF-I in 50 mL of plasma was dissociated from IGFBP by incubation with 200 mL of 1 M glycylglycine hydrochloride (Sigma Chemical, St. Louis, MO) at 37°C for 5 d. The mixture was neutralized with 30 mL of 10 N NaOH and 1.32 mL of assay buffer (.03 M phosphate with .01 M EDTA [Sigma Chemical], .02% protamine sulfate [Sigma Chemical], and .05% Tween-20 [BioRad, Hercules, CA]; pH 8.0). The mixture was immediately centrifuged (1,920 × g) at 4°C for 10 min and the supernatant fluid was stored at −20°C until assayed. For the radioimmunoassay, 15 to 25 mL of the supernatant fluid was incubated for 1 h at 20°C with 100 mL of rabbit anti-human IGF-I (UB3-189, NIDDK, Bethesda, MD) diluted 1:3,000 in assay buffer. Then, 10,000 cpm of 3-[ 125 I]-iodotyrosylhuman IGF-I (Amersham, Arlington Heights, IL) in 100 mL of assay buffer was added to each tube, and the mixture was incubated 12 to 16 h at 4°C. Next, we added 50 mL of normal rabbit blood serum (Antibodies Incorporated, Torrance, CA) at a dilution of 1:100 in assay buffer and 25 mL of goat anti-rabbit IgG (Antibodies Incorporated) at a dilution of 1:16 in assay buffer and the mixture was incubated at 4°C for 30 min. Then, 200 mL of 6% PEG-8000 in .15 M sodium chloride was added, the mixture was centrifuged (1,920 × g) at 4°C for 30 min, and the 125 I in the precipitate was determined. The intra-and interassay coefficients of variation were 13% and 14%, respectively. Pooled blood plasma samples paralleled the standard curve. Insulin-like growth factor binding proteins were determined by Western ligand blot analysis (Hossenlopp et al., 1986) . Plasma samples ( 1 mL ) were heated at 100°C for 5 min with 19 mL of 1% SDS and the proteins were separated on 12% polyacrylamide gels containing 1% SDS under nonreducing conditions as described by Laemmli (1970) . For the age study, each gel had nine lanes, one lane each for a plasma sample from horses that were 1 d, 14 d, 1 mo, 2 mo, 4 mo, 6 mo, 4 to 8 yr, 16 to 22 yr, and a pooled standard. Similarly, for the breed study, each gel had a lane for one horse from each of the eight breeds, and one for the standard plasma. The standard plasma was prepared by combining equal volumes of plasma from horses that were 1 d and 18 yr old. The separated proteins were electrotransferred overnight at 4°C to polyvinylidene difluoride membranes (BioRad) using a constant 30 V with 25 mM Tris-192 mM glycine buffer (pH 8.3) containing 20% methanol. The membranes were dried at 37°C for 5 min and washed on an orbital shaker for 30 min in .1 M Tris-HCl-buffered saline (.15 M; pH 7.4) ( TBS) with 3% (vol/vol) Nonidet P-40 (Sigma Chemical) and blocked with 1% BSA in TBS for 2 h. After washing for 10 min with TBS containing .1% Tween-20, blots were incubated overnight at 4°C with about 600,000 cpm (.1 pmol) of 3-[ 125 I]-iodotyrosyl-human IGF-I (Amersham) with 4 mL of TBS containing 1% BSA and .1% Tween-20. Membranes were washed twice for 15 min with TBS containing .1% Tween-20 and three times for 15 min with TBS. They were then exposed to autoradiography film for 3 to 5 d and the proteins were quantified by laser densitometry. The density of each IGFBP band was expressed as a percentage of the density of the comparable band for the standard plasma. On one of the gels in the breed study, the 107-kDa band for the control plasma was damaged during the electrotransfer procedure. Therefore, for this band only, the data were expressed as a percentage of the comparable band for the Welsh B.
Our analysis of variance used the mean square for horses within age (or within breed) to test the effect of age (or breed). When ages or breeds differed significantly, the means were compared by StudentNewman-Keuls test. Least squares means are reported throughout.
Results and Discussion
Generally in agreement with published reports (sheep, Nathanielsz et al., 1973; horses, Silver et al., 1991; Boosinger et al., 1995) , newborn foals seem to be hyperthyroid; blood plasma concentrations of T 3 and T 4 (Table 2 ) averaged 7.9 and 233 ng/mL, respectively, on the day of birth. Plasma T 3 and T 4 concentrations declined ( P < .01) continuously to 1.6 and 26 ng/mL, respectively, at 1 mo of age. The lowest observed values were at 16 to 22 yr of age (.5 and 9 ng/mL for T 3 and T 4 , respectively), resembling values that have been reported in adult horses (e.g., Duckett et al., 1989; Messer et al., 1995) . However, these did not differ from those at 1 mo of age.
The ratio of T 3 :T 4 (Table 2 ) did not change dramatically with age, although it tended ( P < .05) to increase from birth to 1 mo and then decrease to 6 mo of age based on the Student-Newman-Keul's test. During the first month of age, the increase in the T 3 : T 4 ratio may be associated with increased plasma corticosteroid concentrations (Colenbrander et al., 1980) . Hernandez et al. (1972) reported a similar decline in T 4 during the first week after birth in calves. During the early part of the same period, thyroxine binding globulin declined even more rapidly than T 4 . The authors concluded that this resulted in more readily available T 4 , which accounted for an increasing basal metabolic rate, and speculated that this reserve of extra thyroidal T 4 assists the calf in adjusting to its postnatal environment.
Plasma IGF-I concentration (Table 2 ) also varied with age, increasing ( P < .05) continuously from 285 ng/mL at birth to 597 ng/mL at 1 mo of age. It remained high until 9 mo (530 ng/mL) and then generally declined ( P < .05) with advancing age to 295 ng/mL at 16 to 22 yr, a level close to that on the day of birth. The relatively high levels of circulating IGF-I during the period of most rapid growth of these foals is consistent with reports for other species (e.g., Luna et al., 1983 for humans; Abribat et al., 1990 for cattle).
We detected six IGFBP (Figure 1 ), and changes in circulating concentrations of IGFBP (Table 3 ) differed among these six IGFBP. The densities of the bands for the 26-and 39-kDa IGFBP were highest in fillies aged 1 to 6 mo and lowest ( P < .05) in oldest mares. In contrast the 45-, 48-, 97-and 107-kDa IGFBP were all lowest in day-old fillies. The 45-and 48-kDA IGFBP generally increased to the highest values in mares at 5 to 8 yr, whereas the 97-and 107-kDa IGFBP fluctuated widely after 1 mo of age. Nevertheless, these changes with age for the 45-, 48-, 97-, and 107-kDa IGFBP were not significant ( P ∼ .2).
In overview, we found two patterns of age-related changes in IGFBP. The predominant change in IGFBP was a decrease in the 26-and 39-kDa IGFBP, which were highest at birth and lowest in aged mares. By Table 4 . Blood plasma triiodothyronine (T 3 ), thyroxine (T 4 ), and insulin-like growth factor (IGF)-I in various breeds of horses a Pooled SEM for T 3 was .2, T 4 was 3, T 3 :T 4 was .010, and IGF-I was 27. contrast, the 45-, 48-, 97-, and 107-kDa IGFBP all were lowest at birth and increased five-to sixfold to high concentrations during the most rapid growth period. Prosser and McLaren (1992) reported seven IGFBP, six of which resembled those reported for other species. A 96-kDa protein was not found in other species; although it was not always found in horses, when present it was usually the dominant band. The 97-kDa protein we report here was observed in each of the 95 horses we tested, most often as the most dense band. However, our conclusions are tempered by the fact that we have not precisely quantified the IGFBP in these horses. Drop et al. (1991) concluded that there are two broad classes of IGFBP, a smaller molecular weight class found in high concentrations in amnionic fluid and postnatal blood serum and a larger molecular weight class that is the principal circulating IGFBP in adults. Both the small and the large classes exist in several subunit forms. The smaller IGFBP can cross capillary boundaries to carry IGF-I into intercellular spaces. Because the larger IGFBP do not normally escape the blood vessels in significant quantities, they are thought to prolong the half-life of IGF-I in blood. Consistent with the two broad classes of IGFBP described by Drop et al. (1991) , the two smaller IGFBP listed in Table 3 are present in highest concentrations in fillies and in lowest concentrations in aged mares, whereas the four larger IGFBP were present in the smallest concentrations in day-old fillies and larger concentrations from 1 mo of age. Nevertheless, whether the two classes of IGFBP we have demonstrated reflect the two described by Drop et al. (1991) cannot be determined from our data.
Concentrations of blood plasma T 3 (Table 4 ) for the eight breeds of mares ranged from .5 to 1.1 ng/mL, and T 4 ranged from 9 to 20 ng/mL, but these differences were not significant and thyroid hormone concentrations were not related to adult body size. Although the ratio T 3 :T 4 differed ( P < .05) among breeds, we found no obvious physiological correlates with these differences. Similarly, although plasma concentrations of IGF-I (Table 4 ) differed ( P < .05) among breeds, we found no consistent relationship between adult blood plasma IGF-I and adult body size. Although the smallest breed (Miniatures) had the lowest IGF-I (184 ng/mL) and Friesians had the highest (324 ng/ mL), the IGF-I concentrations for the intermediatesized breeds were not related to their adult body sizes. To the contrary, the average IGF-I concentration in Shetlands approximated that in Friesians, and IGF-I concentration in Draft mares resembled that in Miniatures. In contrast to the data in Table 4 , Tremblay et al. (1993) reported that Standardbreds had greater blood IGF-I concentrations than Thoroughbred or American Saddlebred horses.
Although the concentration of the 39-kDa IGFBP (Table 5 ) was similar between the Miniature, Shetland, Welsh B, and Standardbred breeds and between the Welsh A, Thoroughbred, Draft, and Friesian breeds, the differences between these two groups were not significant ( P ∼ .17). Based on Student-NewmanKeuls test, the 45-kDa IGFBP in Shetland and Friesian horses was higher ( P < .05) than in Welsh A, Standardbred, Thoroughbred, and Draft horses. Furthermore, the concentration of 45-kDa IGFBP was higher in Thoroughbred horses than in Welsh B horses. The pattern of among-breed differences for the 48-kDa IGFBP resembled those for the 45-kDa IGFBP. Although the pattern for the differences in the 107-kDa IGFBP differed dramatically from those for the 39-and 45-kDa IGFBP, the differences in the 107-kDa IGFBP among the breeds were not significant. In overview, the striking differences in plasma concentrations of IGFBP among these eight breeds of mares were related neither to adult body size nor to plasma concentrations of IGF-I (Table 4) . In concurrence with these data, Buonomo et al. (1995) reported no relationship between body size and the concentrations of the six IGFBP among Miniature, Quarterhorse, and Belgian horses. 
Implications
Adding support to the growing evidence in other species, our data indicate that insulin-like growth factor I (IGF-I) and insulin-like growth factor binding proteins (IGFBP) probably modulate growth in horses. Although IGF-I and IGFBP measured in adults do not account for the majority of the differences in adult body size among breeds of horses, the impressive interbreed IGFBP differences could account for some functional differences among breeds.
